Mycobacterium ulcerans is an emerging environmental pathogen that causes debilitating, ulcerative disease in humans and other vertebrates. The majority of human cases occur in tropical and temperate regions of Africa and Australia, and outbreaks of piscine mycobacteriosis caused by M. ulcerans have been reported in disparate geographic locations spanning the globe. While exposure to a natural body of water is the most common risk factor for human infection, the environmental distribution of M. ulcerans in aquatic habitats has not been extensively studied. Although no human cases have been reported in the United States, a strain of M. ulcerans has been identified as the cause of a piscine mycobacteriosis in Striped bass (Morone saxatilis) within the Chesapeake Bay. Infected fish exhibit bright red ventral and lateral dermal lesions. We observed a possible outbreak causing similar lesions on red drum (Sciaenops ocellatus) in wetlands of southern Louisiana and detected M. ulcerans-specific genetic markers in lesion samples from these fish. Based on these findings, we studied the geographic and seasonal prevalence of these markers across southern Louisiana. M. ulcerans was detected in each of the nine areas sampled across the state. M. ulcerans prevalence was significantly lower in the fall samples, and the low prevalence coincided with decreased nutrient levels and an increase in water temperature. To our knowledge, this is the first study of M. ulcerans biomarkers in the southern United States.
M
ycobacterium ulcerans is a pathogenic, toxin-producing bacterium that is the causative agent of Buruli ulcer (BU), a necrotizing skin infection in humans. Although the causative agent was discovered in the mid-1900s, BU remained a largely neglected tropical disease until the World Health Organization (WHO) established the Global Buruli Ulcer Initiative (GBUI) in 1998. M. ulcerans is currently recognized as a rapidly emerging pathogen. BU is endemic in 33 countries, with the highest number of cases occurring in tropical and subtropical regions of west and sub-Saharan Africa and Australia (1) . In addition to human cases, M. ulcerans is responsible for disease in a wide range of other host species, including domestic and wild mammals (2) (3) (4) (5) (6) , reptiles (7), amphibians (8) , and fish (9, 10) . Strains of M. ulcerans have increasingly been identified as the cause of piscine mycobacteriosis occurring in locations across the globe (9), including Israel (11), Europe (10, 12) , and the northeastern United States (13, 14) .
Fundamental aspects of the ecology and epidemiology of M. ulcerans, including its environmental distribution, niche, host range, and mode of transmission and infection, are incompletely understood. The most definitive risk factor for BU is frequent contact with natural aquatic systems (15) . This risk has been substantiated by studies that have shown that M. ulcerans is detected by PCR in samples collected from slow-flowing or stagnant bodies of water in areas with an incidence of BU (1) . Within these aquatic environments, the organism has been detected in samples collected from fish (16) , insects (17, 18) , and plant biofilms and water (19, 20) .
Phylogenetic analyses indicate that M. ulcerans is a close relative of the common marine bacterium Mycobacterium marinum (21) (22) (23) . The genome of M. ulcerans is unique in that it includes a high-copy-number insertion sequence (IS) known as IS2404. This sequence is used as a biomarker for PCR-based detection of M. ulcerans in situ (20, 24) . Another genetic element unique to M. ulcerans is a virulence plasmid called pMUM, which encodes a polyketide-derived macrolide toxin, mycolactone (25, 26) . Three different pMUM plasmids have been identified, and each produces a slightly different form of mycolactone. The taxonomy of mycolactone-producing mycobacteria (MPM) has been extensively evaluated (21, 23, (27) (28) (29) , most recently by whole-genome sequence comparisons of 30 M. ulcerans and 5 M. marinum isolates (30) . The results show that all MPM strains belong to a single species, M. ulcerans.
The warm subtropical climate of southern Louisiana and the vast expanses of marshland, swamps, and slow-flowing bayous are similar to those found in regions of the world where BU is endemic, and yet no human BU cases have been reported in the United States. However, cases of BU have been reported as close to Louisiana as Mexico, and M. ulcerans has been identified as the infective agent in mycobacteriosis of Striped bass (Morone saxatilis) in the Chesapeake Bay area of the northeastern United States (13, 14, 31, 32) . We conducted a geographic study, and a 2-year seasonal study, that examined the distribution of M. ulcerans in aquatic habitats across southern Louisiana using PCR analysis of M. ulcerans-specific genetic markers. The results showed that genetic markers for M. ulcerans are prevalent in aquatic habitats throughout southern Louisiana, and that M. ulcerans prevalence declined in the fall seasonal samples in concert with reduced nutrient levels and increased water temperatures.
MATERIALS AND METHODS
Seasonal study. Samples for the seasonal study were collected from three locations on the north shore of Lake Pontchartrain, approximately 20 miles north of New Orleans, Louisiana (Fig. 1) . Each location represents a distinct aquatic habitat common in southern Louisiana. Site 1 is a freshwater, off-channel area along the Tchefuncte River located within Fairview-Riverside State Park in Madisonville, Louisiana. Sites 2 and 3 are located within the Big Branch Marsh National Wildlife Refuge in Lacombe, Louisiana. Site 2 is a brackish marsh directly adjacent to Lake Pontchartrain. Site 3 is in a marsh along a freshwater bayou, Bayou Lacombe, near where it empties into a brackish lake, Lake Pontchartrain. Global positioning system (GPS) coordinates for each site are listed in Table S2 in the supplemental material. Samples were collected over a 2-year period from January 2010 through December 2011, at 3-month intervals within 15 days of the summer and winter solstices and the spring and fall equinoxes. For each collection date, 2 to 3 biofilm samples from aquatic vegetation and a 500-ml water sample were collected at each site. For each collection, water temperature, pH, dissolved oxygen, and salinity were measured in the field, and measurements of nitrate, nitrite, phosphate, ammonia, and sulfide were performed in the laboratory. Temperature and pH were measured using an EcoSense pH10 meter (YSI, Inc., Yellow Springs, OH). Salinity was measured using an Oakton Acorn Series Salt 6 salinity meter (Hach Company, Loveland, CO). Nitrate, nitrite, phosphate, ammonia, sulfide, and dissolved oxygen concentrations were measured using a CHEMetrics V-2000 Multi-Analyte Photometer and the appropriate Vacu-vial ampoules according to the manufacturer's instructions (CHEMetrics, Inc., Calverton, VA). At each collection site, all measurements and samples were collected within an area of 1 square meter and all samples were collected within 20 cm of the water surface. Biofilm samples were placed in new, unopened polyethylene Fisherbrand "Zipper"-seal sample bags (Fisher Scientific, Inc., Fair Lawn, NJ). All water samples were collected in 50-ml conical polypropylene tubes (BD Falcon, Franklin Lakes, NJ). To avoid cross contamination, the sample tubes from each individual collection site were placed together inside a new zipper-seal polypropylene bag to isolate them from the environment and from other samples. The bags were placed on ice in an insulated container within 10 min of collection and transported directly to the laboratory. Upon arrival at the laboratory, measurements of nitrate, nitrite, phosphate, ammonia, and sulfide were performed, and DNA was extracted.
Geographic study. Samples were obtained from 9 different collection areas located across southern Louisiana, and the data from these samples were analyzed independently from the seasonal study data (Fig. 1) . Collection areas were divided into four quadrants, northeast, northwest, southeast, and southwest, based on latitude and longitude (lat 30.003537, long Ϫ92.021235) (Fig. 1) . Within each collection area, samples were obtained from six to nine different sites. GPS coordinates were recorded for each site (see Table S2 in the supplemental material). All samples were collected during a 4-month interval in the summer (May to August) of 2010. One to two biofilm samples and a 300-ml water sample were collected from each site. Collection protocols and materials used were the same as those described for the seasonal study. Measurements of water temperature, pH, dissolved oxygen, and salinity were recorded for each collection site as described above.
DNA extraction and quantitation. Water samples were centrifuged in the 50-ml conical collection tubes using a Thermo Scientific Sorvall Legend Tϩ centrifuge (Thermo Fisher Scientific Inc., Fair Lawn, NJ) at 3,600 rpm for 2 h. Following centrifugation, the water was decanted and DNA was extracted from the pellet using a PowerSoil DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA) with an extended lysis protocol according the manufacturer's instructions. To extract DNA from biofilms on aquatic vegetation samples, 100 ml of molecular-biology-grade water was added to each plant sample in the zipper-seal collection bag. Placing the bag on a bench top and pressing and pounding the material in the bag by hand pulverized the vegetation. The material that resulted was collected in two 50-ml polypropylene conical screw-cap tubes (BD Falcon, Franklin Lakes, NJ) and centrifuged at 3,600 rpm for 2 h in a Thermo Scientific Sorvall Legend Tϩ centrifuge. The resulting pellets were combined and used for DNA extraction using a PowerSoil DNA isolation kit. DNA was eluted using 100 l of buffer C6 (from the DNA isolation kit) and quantified using a NanoVue Plus spectrophotometer (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). A working stock solution of each DNA sample was prepared at a concentration of 2 ng/l. IS2404 PCR assays. The IS2404 assay is a nested PCR in which the product of the first PCR is used as the template in a second PCR (24, 33) . Primers used for PCR are listed in Table 1 . PCR cycling for the first reaction was denaturation at 95°C for 10 min; amplification of 35 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min; and final extension at 72°C for 7 min. PCR cycling for the nested PCR was denaturation at 98°C for 5 min; amplification of 35 cycles at 98°C for 1 min, 54°C for 1 min, and 72°C for 1 min; and final extension at 72°C for 10 min. A 5-l aliquot of the initial PCR was used as the template in the nested PCR.
PCR assay solutions were prepared in a final volume of 25 l using 12.5 l of EconoTaq Plus Green 2ϫ Master Mix (Lucigen, Middleton, WI), 5.5 l of molecular-biology-grade water (Fisher Scientific, Inc., Fair Lawn, NJ), 1 l (10 M) each of forward and reverse primers, and 5 l (10 ng) of environmental DNA. PCR assay results were assessed using agarose gel electrophoresis. Gels were prepared using 1ϫ Tris-acetate-EDTA (TAE) buffer with 1.5% (wt/vol) agarose. Electrophoresis was performed for 45 min at 80 V. Gels were stained in ethidium bromide solution (0.1 ng/ml) for 20 min. PCR products were visualized under UV light, and digital images were obtained using a Gel Doc 1000 system and Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA). The PCR amplicon size was assessed using a 100-bp exACTGene DNA ladder (Fisher Scientific, Inc., Fair Lawn, NJ). A PCR assay was considered positive if it yielded bands of the predicted size that migrated to the same position in the gel as the positive control. A positive control, a negative control, and a contamination control were run in parallel with each batch of environmental DNA samples. The positive control was 5 l of M. ulcerans genomic DNA at a concentration of 1.5 ϫ 10 3 genome copies per reaction mixture. The negative control was 5 l of M. marinum DNA at a concentration of 2.6 ϫ 10 5 genome copies per reaction mixture. The contamination control was 5 l of molecular-biology-grade water in place of template DNA. In addition to the use of PCR contamination controls, strict protocols were followed to ensure that the introduction of extraneous DNA and/or cross contamination was not a factor in the PCR results. Precautions to avoid contamination included isolating samples from each collection site in the field. This was accomplished by placing collection tubes from each collection site into individual polypropylene zipper-seal bags at the time of collection to avoid direct contact with the external environment and to avoid contact between samples. In the laboratory, samples from each collection site were processed separately during DNA extraction to avoid cross contamination. All bench tops, work surfaces, and centrifuge surfaces were decontaminated by spraying and wiping with 70% ethanol and a commercial DNA eliminator (Eliminase; Decon Labs Inc., King of Prussia, PA) between DNA extractions. Sham samples (8 in total) were mock collected in the field and treated as environmental samples to check for contamination introduced during the sample collection and DNA extraction procedures; all sham samples were negative in the IS2404 PCR assay. The PCR amplicons of 20 randomly selected IS2404-positive environmental DNA samples were sequenced to check assay specificity. The bands were excised from the gels and DNA was extracted from agarose blocks using a MinElute gel extraction kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions. Sequencing reactions were performed using a BigDye direct cycle sequencing kit (Life Technologies, Carlsbad, CA) following the manufacturer's instructions. An outside contractor (Davis Sequencing, Davis, CA) performed the sequencing. BLASTn searches were performed to assess sequence identity. The sequences were obtained from the two portions of the nested PCR assay and were approximately 549 bp and 212 bp in length, respectively. All displayed 98% to 100% identity to the IS2404 sequence of M. ulcerans strain Agy99.
PCR inhibition assay. PCR amplification, using primers that amplify a broad phylogenetic range of bacterial 16S rRNA gene sequences, was performed on each environmental DNA sample to assess PCR inhibition and avoid inclusion of false-negative results in the M. ulcerans IS2404 PCR assay data. Primers targeting the 16S rRNA gene are listed in Table 1 (34, 35) . PCR reagents were as described above. PCR conditions were denaturation at 95°C for 1 min followed by 30 cycles at 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min and final extension at 72°C for 7 min. All environmental DNA samples yielded a PCR product of the predicted size.
Influence of environmental DNA on PCR sensitivity. To assess PCR inhibition in environmental DNA extracts, the sensitivity of the IS2404 PCR assay was measured in the presence and absence of DNA extracted from 10 IS2404-negative environmental samples (5 water samples and 5 biofilm samples). DNA extraction was performed as described above. A series of IS2404 PCR mixtures were prepared that contained 10-fold serially diluted M. ulcerans genomic DNA at concentrations ranging from 3 ϫ 10 6 to 3 ϫ 10 Ϫ1 genome equivalents per tube. Each PCR tube in the control dilution series received 5 l of molecular-biology-grade water (no DNA). Another control dilution series received 5 l (26.5 ng) of salmon sperm DNA, to assess the effect of "pure" DNA on the assay. Each PCR tube in the remaining dilution series received 5 l (10 ng), the same amount used to assay environmental samples, of DNA from one of the IS2404-negative environmental samples. In the absence of extraneous DNA, the detection sensitivity was 3 genome equivalents. In the presence of 26.5 ng of salmon sperm DNA, the sensitivity was 30 genome equivalents, and in the presence of 10 ng of IS2404-negative environmental DNA, the sensitivity ranged from 3 to 30 genome equivalents.
Mycobacterial semiquantitative real-time PCR. The relative abundances of mycobacteria across seasonal intervals were compared using a PCR assay and 10 ng of environmental DNA extracted from seasonal samples. The PCR assay was described previously (36, 37) . All seasonal environmental samples were assayed twice, in duplicate (four PCRs in total). The average values were used to calculate the numbers of mycobacterial genome equivalents per 10 ng of water sample DNA, and the values were compared across seasons. The R 2 of the reference line was 0.98 and the PCR efficiency 95%.
PCR amplification and sequence analysis of M. ulcerans-specific protein-coding genes from environmental samples. To augment PCR detection and sequencing of IS2404 and provide some insight into the diversity and/or identity of M. ulcerans in our environmental samples, three putative M. ulcerans-specific protein-coding sequences (CDS) were PCR amplified and sequenced from a subset of IS2404-positive water and aquatic vegetation biofilm DNA samples. The M. ulcerans-specific CDS were defined by previous in vitro and in silico analysis (29, 30, 38) , and we checked specificity using BLAST (39) at the NCBI website. Samples used for CDS analyses represented seven of the nine sampling areas in Louisiana. The CDS corresponded to loci MUL_0999, MUL_2832, and MUL_3218 of the M. ulcerans Agy99 genome sequence (GenBank accession number CP000325) and were approximately 293, 404, and 214 bp in length, respectively. Sequences obtained from environmental samples were aligned and compared to corresponding sequences in the genomes of nine M. ulcerans isolates, Mu_Agy99 (accession no. CP000325), Mu_ JKD8071, Mu_L15, Mu_06_3844, Mu_07_1082, Mu_CC240299, Mu_ JKD8049, Mu_NM33.04, and Mu_1G897 (NCBI Sequence Read Archive [SRA] accession no. SRP004497), which represent isolates obtained from infections in humans, fish, and a frog (30) (see Tables S2, S3 , and S4 in the supplemental material).
PCR mixtures for CDS amplification were prepared using the same reagents described for the IS2404 assay. The primer sequences (Table 1) were designed using Primer-BLAST (40) . Amplification conditions for each PCR were 98°C for 5 min followed by 40 cycles at 94°C for 1 min, 54°C for 1 min, and 72°C for 1 min, with a final extension at 72°C for 10 min. PCR products were assessed by agarose gel analysis as described above. PCR products were cloned using a TOPO TA cloning kit with pCR2.1-TOPO vector and One Shot Mach1 T1 phage-resistant chemically competent E. coli cells (Life Technologies, Carlsbad, CA). Sequencing reactions and sequencing were performed as described above. Pub- Statistical analysis. Analysis of variance (ANOVA) methods were used to determine differences in the physicochemical data. Spearman rank correlations were generated to assess dependencies between physicochemical parameters. Pearson chi-square tests and logistic regression were used when the outcome variable was binomial. Continuous data were normalized with a Van Waarden rank transformation prior to analysis.
RESULTS
Seasonal study. A total of 95 samples (71 biofilm and 24 water) were analyzed, and 58 (61%) were positive for the IS2404 sequence (Table 2 ). IS2404 prevalence was slightly higher in water samples (16/24 [67%]) than in biofilm samples (42/71 [59%]); however, the difference was not statistically significant. Likewise, there was no significant difference in levels of IS2404 prevalence across the three sampling sites used in the seasonal study (Table 2 ). In contrast, there was a notable difference in IS2404 prevalence levels across seasonal sampling intervals. In both years, IS2404 prevalence decreased from winter through fall, with fall prevalence being significantly lower than winter prevalence (Fig. 2) . IS2404 prevalence in the fall seasonal samples was significantly lower than that seen for each of the other seasonal intervals (Fig. 2) , and while the overall effect of season on the abundance of mycobacteria was significant (P ϭ 0.0290), data for specific pairwise comparisons (Tukey test) were all nonsignificant, with the exception of spring versus winter (P Ͻ 0.0388) (Fig. 2) .
Seasonal fluctuations were also observed in physicochemical measurements (Fig. 3) . Dissolved oxygen, ammonia, sulfide, phosphate, and nitrate concentrations decreased from winter to fall (Fig. 3) , while average water temperatures increased over the same interval, and in each case, fall and winter values differed significantly (Fig. 3) . Similar trends were not observed for nitrite, pH, or salinity (Fig. 3) . Among the seasonal study samples, phosphate, nitrate, sulfide, dissolved oxygen, and salinity levels were significantly higher in IS2404-positive samples than in IS2404-negative samples (Fig. 4) . However, no differences in temperature or in nitrite or pH levels were observed in these samples (Fig. 4) . Logistic regression modeling of multiple variables, including all physicochemical parameters, showed that temperature, year, and season (c-index ϭ 0.94) were predictive of IS2404 prevalence. Correlation analysis of the physicochemical parameters demonstrated an inverse association between temperature and the concentrations of dissolved oxygen, ammonia, phosphate, and sulfide. As temperature increased, the levels of these nutrients decreased. Similarly, there were positive associations between pH levels and the concentrations of ammonia, dissolved oxygen, nitrate, nitrite, and sulfide. In addition to temperature and pH, the sulfide concentration was positively correlated with the concentrations of ammonia, dissolved oxygen, nitrite, and phosphate and with salinity. In addition to their association with temperature, nitrite and phosphate concentrations were also associated with dissolved oxygen concentrations (see Table S1 in the supplemental material).
Geographic study. A total of 116 samples (59 biofilm and 57 water) were analyzed, and 36 (31%) were positive for the IS2404 sequence. The IS2404 sequence was detected in at least 22% of samples from each of the nine collection areas across the state (Table 3) . Consistent with the seasonal study, IS2404 prevalence was higher in water samples (27/57 [47%]) than in biofilm samples (9/59 [15%]). Also consistent with the seasonal study, there were no differences in IS2404 prevalences across collection areas in the water, biofilm, or total combined samples (Table 3) , and there were no differences in IS2404 prevalences between geo- graphic quadrants (Fig. 1) . Also, temperature, dissolved oxygen, salinity, and pH levels did not differ significantly between IS2404-positive and -negative geographic study samples (see Fig. S1 in the supplemental material). Sequence analysis of M. ulcerans genes PCR amplified from IS2404-positive environmental DNA samples. Although the primers had high specificity in silico, there seemed to be a high degree of cross-reactivity with nontarget DNA in situ. Only 10% of 349 total sequences retrieved from environmental samples corresponded to the targeted M. ulcerans genes, MUL_0999, MUL_2832, and MUL_3218. However, each of the targeted M. ulcerans-specific genes was identified in multiple environmental samples and variations within the sequences of the genes were observed. Differences in the nucleotide sequences of published MUL genes from the sequences detected in environmental samples are summarized in Tables S3, S4 , and S5 in the supplemental material. A total of 15 segments of the MUL_0999 gene were obtained from seven sampling areas (see Table S3 in the supplemental material). The published MUL_0999 sequences of the four human isolates are identical, and the published sequences of three of the four fish and frog isolates are identical. The sequence of one fish isolate, Mu_L15, is not identical to the sequence of any of the fish and frog or human isolates. That sequence is identical to the human sequences at variable region 1 and identical to the fish and frog sequences at variable regions 2, 3, and 4. The same four regions of variation observed in the M. ulcerans isolates were observed in the sequences retrieved from our environmental samples. Three of the regions of variation are single nucleotide differences, and one is a deletion. Seven partial environmental MUL_0999 sequences from four sampling areas were identical to those of the human isolates. Three of these sequences spanned variable regions 2, 3, and 4, and four spanned variable regions 1 and 2. Two complete sequences from sampling area 8 had the same sequences as two short segments from sampling area 6 at variable regions 3 and 4. The complete sequences were identical to those of the human isolates and fish isolate Mu_L15 at variable regions 1 and 2. Also, all were identical to the fish sequences at region 3 and identical to the human sequences at region 4. Finally, 4 complete sequences from sampling area 9 were the same as those of the human isolates at variable regions 1 and 4 and were the same as those of the fish isolates at variable regions 2 and 3.
Sequence variations of the eight MUL-2832 genes detected in five different environmental sampling areas are summarized in Table S4 in the supplemental material. All isolates had the same sequences. Only one environmental sequence matched that of the M. ulcerans isolates. A single nucleotide difference, A rather than G in variable region 2, was a consistent difference between the environmental sequences found in the five different sampling areas and the M. ulcerans isolates.
Sequence variations in the five MUL_3218 genes detected in two different sampling areas are summarized in Table S5 in the supplemental material. Only one region of variation, a single nucleotide difference, T rather than C, was seen among the M. ulcer- ans isolates and the sequences obtained from environmental samples. All human and one fish sequence had a C in this variable region, while the remaining fish and frog isolates had a T. Two sequences from areas 3 and 8 were identical to those of the fish and frog isolates Mu_06_3844, Mu_CC240299, and Mu_ JKD8071, whereas three sequences from area 3 were identical to those of the human isolates as well as to that of the one fish isolate Mu_L15.
DISCUSSION
Much of our understanding of the geographic distribution of M. ulcerans is based on the wide geographic range of reported cases in humans, animals, and fish. Based on these reports, M. ulcerans is believed to have a global geographic distribution (9, 41, 42) . The epidemiology of BU is not completely understood; however, a seasonal pattern in the environmental prevalence of M. ulcerans has been hypothesized on the basis of the patterns of some outbreaks of human infection (43) (44) (45) (46) . One ecological study that examined the seasonal prevalence of M. ulcerans in aquatic insects within an area of Africa where BU is endemic demonstrated seasonal variation in the percentage of M. ulcerans-positive insects, with the highest prevalence in July (17) . We measured the seasonal prevalence of M. ulcerans in environmental samples collected from three sampling sites at quarterly intervals, near each equinox and solstice, over a 2-year period from January 2010 to December 2011. The results revealed seasonal variations in the prevalence of M. ulcerans, with a notable decrease in prevalence in the fall samples each year (Fig. 2) . A decrease in the levels of dissolved oxygen, ammonia, sulfide, phosphate, and nitrate and higher water temperatures in the fall (Fig. 3) and correlations between IS2404 prevalence and phosphate, nitrate, sulfide, dissolved oxygen, and salinity levels were also observed (Fig. 4) . In addition, logistic regression models showed an association between IS2404 detection and year, season, and temperature. Overall, the seasonal data suggest that seasonal and yearly changes in temperature alter the concentrations of some chemical parameters within the sampled aquatic environments, which had an effect on M. ulcerans prevalence. However, it is also possible that temperature was the main factor affecting M. ulcerans prevalence. Prolonged high (Ն25°C) water temperatures beginning in summer and continuing through a large portion of the fall (Fig. 3 ) may impede the growth of some strains of M. ulcerans that grow optimally at temperatures of 23 to 25°C (9) . In contrast to decreased M. ulcerans prevalence in fall samples, the relative abundance of total mycobacteria was not decreased in the fall samples and did not significantly correlate to the year or to any of the measured physicochemical parameters (Fig. 2) . This suggests that the decrease in the prevalence of M. ulcerans is not explained by an overall reduction in the relative abundance of mycobacteria, and that the reduced fall prevalence of M. ulcerans may be a characteristic that is more specific to this species. Note, however, that our IS2404 results are based on prevalence and not abundance; we do not know how the concentrations and abundances of M. ulcerans might vary in the samples. We can speculate only that the M. ulcerans abundance was lower in sampling areas where the organism was less prevalent or not detected. Our conclusions are also limited because we did not test for partial inhibition within our PCR assays. However, we did assess the influence of potential PCR inhibitors in our environmental DNA extracts on PCR sensitivity. We performed the IS2404 PCR assay in the presence of relevant concentrations of environmental DNA, extracted from 10 of our IS2404-negative environmental samples, using 10-fold serial dilutions of the target, M. ulcerans genomic DNA. The results showed that the sensitivity of the PCR, in the presence of the concentrations of environmental DNA used in our study, was not reduced compared to the sensitivity seen with controls that contained no extraneous DNA or that contained salmon sperm DNA. The results provide a measure of assurance that contaminants in environmental DNA extracts were not influencing the results. Several studies have confirmed that M. ulcerans is prevalent in aquatic environments in areas where BU is endemic (17, 19, 20, 33, (47) (48) (49) . Other studies of M. ulcerans in neighboring areas of nonendemicity have also been performed; however, there are inconsistencies regarding the prevalence of M. ulcerans in these areas (17, 19, 20, 47, 49) . Although the broad geographic occurrence of M. ulcerans infections in humans, animals, and marine fish suggests that the organism has a global distribution (5, 8, 9, 11, 13, 50) , to our knowledge, all studies employing direct detection of M. ulcerans in environmental samples have been conducted in the vicinity of regions where BU is endemic. We evaluated the prevalence of M. ulcerans in a region of the United States with no known cases of M. ulcerans infection. We collected samples during a 3-month period in the summer to minimize seasonal influences on prevalence, and we sampled a wide range of locations across the southern portion of Louisiana (Fig. 1) . The results showed that M. ulcerans was prevalent and evenly distributed across all sampled areas (Tables 2 and 3 ). The high rate of detection in an area with no reported cases of infection is consistent with other studies (19, 20, 47) , and the results support the general concept that the prevalence of environmental pathogens such as M. ulcerans is greater than that suggested by the occurrence of disease.
Multiple studies have suggested that M. ulcerans has a propensity to grow attached to surfaces in biofilms (51) (52) (53) (54) , while other studies have indicated that M. ulcerans may be most prevalent in the water column (19, 55) . In our study, M. ulcerans was detected more frequently in samples collected from the water column than in samples collected from plant biofilms. However, we did not filter our water prior to DNA extraction. Therefore, we cannot exclude the possibility that M. ulcerans cells in the water samples were part of a biofilm community attached to minute particles suspended in the water samples.
Another factor limiting our conclusions is that PCR detection of M. ulcerans does not provide information about the viability of the organism. The seasonal and geographic patterns in IS2404 sequences may originate from living or dead cells or from naked strands of DNA. Therefore, without attempting to directly cultivate the bacterium (56), we can infer only that the organism is present if a sequence is detected.
The phylogeny of M. ulcerans has recently been assessed using whole-genome sequence analysis of 30 M. ulcerans isolates (30) . The genome sequence data indicate that there are three M. ulcerans lineages. Lineage 1 contains two genetically related clades, and the isolates within each clade have restricted geographic origins. One clade contains only isolates from Africa; all but one are human strains, and the remaining isolate is from an insect. The other clade contains only isolates from Australia; all but two are human strains, and the remaining two isolates are from possums. The second and third lineages contain only seven isolates; however, they represent a majority of the genetic and geographic diversity in the study. The isolate in lineage 2, a human strain, is only distantly related to all the other isolates, and it has a distinct geographic origin, Japan. The third lineage contains a group of isolates that are also genetically diverse. They originate from a broad range of host species and geographic locations, including isolates from fish and frogs from Israel and the United States and a human isolate from French Guiana. To examine the genetic diversity of M. ulcerans detected in Louisiana, we amplified three putative M. ulcerans-specific protein-coding genes from a subset of our IS2404-positive environmental samples and compared the sequences to those of nine diverse M. ulcerans isolates examined by Doig et al. (30) . We obtained sequences from our environmental samples that are identical to those of human isolates and fish and frog isolates. We also obtained some sequences that showed subtle nucleotide variations compared to those of known isolates. The results suggest that multiple M. ulcerans strains are likely present in southern Louisiana. However, our results are limited by the small number of target loci (three) and the small set of informative sequences obtained from environmental samples (28 sequences in total). Larger sequencing studies are needed to better understand the diversity and identity of M. ulcerans strains in southern Louisiana.
It is clear that the environmental distribution of M. ulcerans is not limited to areas where BU is endemic and that infections caused by M. ulcerans are not limited to humans. However, it is not known whether strains of M. ulcerans that cause disease in fish can also infect humans. The observation that M. ulcerans strains isolated from fish have a lower maximum growth temperature in vitro than strains isolated from humans suggests that they cannot, but the diversity of human strains is based largely on isolates from a limited number of geographic areas in Australia and Africa where BU is endemic. With this in mind, it is notable that a phylogenetic analysis of whole M. ulcerans genome sequences showed that the only two human isolates in the study, obtained from cases of infection outside Africa and Australia, did not group within the lineage containing all 21 human isolates from Africa and Australia. One isolate, from Japan, formed an independent lineage, while the other isolate, from French Guiana, grouped within a lineage that included isolates from infections in fish and a frog isolate (30) . This suggests that the genetic diversity of M. ulcerans strains capable of causing human infection may be greater than expected. It would be informative to examine additional genomes of human isolates from cases of infection in French Guiana, Japan, and other geographic locations outside Africa and Australia.
The implications, for human health and the health of coastal fisheries, of finding a high prevalence of M. ulcerans biomarkers in aquatic environments of southern Louisiana are unknown. To our knowledge, no cases of M. ulcerans infection in humans, animals, or fish have been reported in Louisiana. However, M. ulcerans is not a disease required to be reported in the United States, and it is possible that sporadic cases of BU have occurred in Louisiana and have been treated and not reported. An increase in awareness that M. ulcerans can be present in natural environments, especially outside areas with known cases of infection, should lead to additional routine clinical testing and reporting in cases of suspected infection. Information gathered from such routine testing would increase our understanding of M. ulcerans pathogenicity and its potential impact on public health and the health of coastal fisheries.
